A role of the innate immune system is increasingly recognized as a mechanism contributing to pain sensitization. Experimental administration of the bacterial endotoxin lipopolysaccharide (LPS) constitutes a model to study inflammation-induced pain sensitization, but all existing human evidence comes from male participants. We assessed visceral and musculoskeletal pain sensitivity after low-dose LPS administration in healthy men and women to test the hypothesis that women show greater LPSinduced hyperalgesia compared with men. In this randomized, double-blind, placebo-controlled crossover study, healthy men (n 5 20) and healthy women using oral contraceptives (n 5 20) received an intravenous injection of 0.4 ng/kg body weight LPS or placebo. Pain sensitivity was assessed with established visceral and musculoskeletal pain models (ie, rectal pain thresholds; pressure pain thresholds for different muscle groups), together with a heartbeat perception (interoceptive accuracy) task. Plasma cytokines (tumor necrosis factor-a and interleukin-6) were measured along with state anxiety at baseline and up to 6-hour postinjection. Lipopolysaccharide application led to significant increases in plasma cytokines and state anxiety and decreased interoceptive awareness in men and women (P , 0.001, condition effects), with more pronounced LPS-induced cytokine increases in women (P , 0.05, interaction effects). Although both rectal and pressure pain thresholds were significantly decreased in the LPS condition (all P , 0.05, condition effect), no sex differences in endotoxin-induced sensitization were observed. In summary, LPSinduced systemic immune activation leads to visceral and musculoskeletal hyperalgesia, irrespective of biological sex. These findings support the broad applicability of experimental endotoxin administration as a translational preclinical model of inflammationinduced pain sensitization in both sexes.
Introduction
Sex differences in the prevalence of virtually all types of chronic pain conditions are well documented. 17, 20 Although epidemiologic findings consistently document a female preponderance, mechanistic studies comparing men and women with respect to pain-related measures have provided inconclusive results both in patients and in healthy cohorts. 50, 58 The role of inflammatory mediators has been prominently pointed out as 1 key mechanism of both peripheral and central pain sensitization, 6, 19, 43, 45, 61, 64 supported by accumulating evidence that immune mechanisms may promote the initiation and/or maintenance of various chronic inflammatory and functional pain conditions. 15, 18, 36, 44, 45, 47 Interestingly, there is first evidence suggesting that inflammatory mediators may contribute to sex differences in pain sensitivity, involving several possible peripheral and central pathways. 34, 35, 43, 44, 58 For example, recent animal work, reviewed in Ref. 44 showed that sex differences in Toll-like receptor (TLR) 4-dependent neuroimmune pathways could explain sex-specific differences in pain sensitivity. In humans, data are scarce calling for more experimental work comparing healthy men and women in clinically relevant pain models to address the possible contribution of pro-inflammatory mediators to sex differences in pain sensitization.
We have previously studied pain sensitization in healthy humans during transient systemic immune activation using an experimental low-dose endotoxemia model. 4, 65 Lipopolysaccharide (LPS), the major component of the outer membrane of gram-negative bacteria, is a prototypic pathogen-associated molecular pattern that stimulates through TLR-4-dependent pathways the synthesis and release of pro-inflammatory cytokines. 44, 53, 55 Our own data 4, 65 and findings from other groups 13, 31, 32 have documented that pain sensitivity is increased during LPS-induced immune activation. Based on these convergent findings, the potential of experimental endotoxemia as a preclinical model to study inflammation-mediated sensitization in the context of immune-targeted drugs has been proposed. 2, 30 Importantly, however, with the exception of 1 recent study, 32 Sponsorships or competing interests that may be relevant to content are disclosed at the end of this article.
all existing pain-related human findings during LPS-induced endotoxemia thus far have come from studies conducted exclusively in male participants. 4, 13, 31, 65 Therefore, our goal in this follow-up study was to compare LPS-induced pain sensitization in men and women. Based on previous evidence that lowdose LPS (0.4 ng/kg) effectively increased visceral 4 and musculoskeletal pain sensitivity in male subjects, 13, 65 we implemented this randomized, double-blind, placebocontrolled, crossover study using 2 established clinically relevant pain models, that is, rectal distension and pressure pain models, respectively, in healthy men and in healthy women on oral contraceptives. Given the female preponderance of chronic pain conditions, and evidence of sex differences in pain-related neuroimmune communication, 35, 44 we hypothesized greater LPS effects on pain thresholds in women compared with men. As a secondary aim, we conducted correlative analyses addressing associations between pain sensitivity and inflammatory mediators during LPS-induced endotoxemia separately for men and women. Finally, given that systemic inflammation reportedly increased the activity in brain regions that are involved in interoception 25 and higher interoceptive sensitivity was recently shown to be associated with decreased somatic pain thresholds, 49 we explored LPS effects on heartbeat perception accuracy using an established task 54 to address interoceptive awareness as a possible mediator of sex differences in inflammation-induced hyperalgesia.
Methods

Participants and safety routine
Healthy men and healthy women using hormonal contraceptives aged 18 to 45 years were recruited by public advertisement. Of note, participants were newly recruited for this study, and data do not overlap with any of our previously reported results. 4, 21, 22, 24, 37, 38, 65 The screening and safety procedures consisted of a physical examination, a personal interview conducted by a physician, and laboratory assessments (ie, complete blood cell count, liver enzymes, renal parameters, electrolytes, coagulation factors, and C-reactive protein [CRP]), which were conducted before, 24 hours after endotoxin administration, and up to 1 week after completion of the study. General exclusion criteria were pre-existing or current medical or psychological conditions, body mass index ,18 or $29 kg/m 2 , current medications, smoking, regular high alcohol use (.4 drinks per week), or anxiety and/or depression scores exceeding published cutoffs of the Hospital Anxiety and Depression Scale. 28 Complaints suggestive of any functional or organic gastrointestinal condition were assessed by semistructured interview and a standardized questionnaire. 39 To strictly exclude pregnancy, only women using hormonal contraceptives were included as per our ethics committee, and a commercially available pregnancy test was conducted on each study day. Female volunteers were scheduled for both study days at a time period outside of the phase of withdrawal bleeding (ie, shedding of the uterine lining that is triggered by the drop in estrogen levels that occurs while taking the placebo pills). For safety reasons, participants were instructed to refrain from strenuous exercise 48 hours before and 24 hours after the study days and were not allowed to drive a vehicle. Participants were monitored up to at least 6 hours after LPS injections. Follow-up examinations, including physical examination and laboratory analyses of CRP levels, were completed 24 hours after each session and 7 days after the final session. The study protocol was approved by the ethics committee of the University Hospital Essen (Permit No. 09-4271). All subjects provided written informed consent and were paid for their participation.
Study protocol
This randomized, double-blind, placebo-controlled, crossover study comprised 2 identical study days (Fig. 1) , on which subjects received an intravenous injection of either LPS (0.4 ng of Escherichia coli endotoxin per kilogram of body weight dissolved in sterile water; LPS condition) or the same amount of saline (placebo condition) as previously described in detail. 4, 24 The LPS used (reference standard endotoxin, lot H0K354; United States Pharmacopeia, Rockville, MD) had been subjected to a microbial safety testing routine approved by the German Federal Agency for Sera and Vaccines (Paul Ehrlich Institute, Langen, Germany). On both study days, subjects were injected between 9 AM and 11 AM by an intravenous catheter placed in an antecubital forearm vein. The time interval between both study days was 5 to 7 days, and subjects were injected at identical time points on both days. Assessments of interoceptive sensitivity, visceral, and pressure pain sensitivity (see below) were conducted 2 to 3.5 hours after injection when cytokines are demonstrably increased. 4, 23, 24, 65 Because of the temporal dynamics of the LPS-induced cytokine response, the order of interoceptive and pain sensitivity assessments was not counterbalanced to ensure interindividual comparability of plasma cytokine levels during assessments as previously accomplished. 4 Blood for cell counts and cytokine analyses was collected in EDTA-coated tubes 15 minutes before the injection (baseline) and 1, 2, 3, 4, and 6 hours after injection. Plasma was separated by centrifugation and was stored at 280˚C until analysis. After each blood draw, body temperature (with an intra-aurical thermometer), blood pressure (with a blood pressure cuff), heart rate (palpated at radial artery), and state anxiety (with a validated questionnaire, see section 2.8) were assessed. Both participants and investigators involved in sensitivity testing were blinded to the condition. Because the outcome of pain assessments may be affected by investigator 3 subject sex interaction effects, 1 20 participants (10 men and 10 women) were assessed by a male investigator, and the remaining 20 participants (10 men and 10 women) were assessed by a female investigator. Participants were randomized to one of the 2 investigators before the first study day. Assessments on both study days were conducted then by the same male or female investigator.
Visceral pain sensitivity (rectal distensions)
Pressure-controlled distension of the viscera such as the esophagus, stomach, or rectum constitutes an established visceral pain model in animal and human research and is widely applied in mechanistic studies addressing altered sensory functions including pain in the context of the functional gastrointestinal disorders such as irritable bowel syndrome. 33 Herein, rectal distensions were carried out with a pressure-controlled barostat system (modified ISOBAR 3 device; G & J Electronics, Ontario, Canada), as previously described. 3, 4, 56, 57 Perception and pain thresholds were determined using double-random staircase distensions with random pressure increments of 2 to 8 mm Hg. Subjects were prompted to rate the sensation as follows: 1 5 no perception, 2 5 doubtful perception, 3 5 sure perception, 4 5 little discomfort, 5 5 severe discomfort, still tolerable, 6 5 pain. The sensory threshold was defined as the pressure when the rating changed from 2 to 3, and the pain threshold was defined as pressure at which the rating changed from 5 to 6. The maximal distension pressure was set at 50 mm Hg.
Musculoskeletal pain sensitivity (pressure pain thresholds)
Pressure pain thresholds (PPTs) are a commonly used and reliable method to evaluate somatic pain sensitivity. 52 Pressure pain thresholds assess deep muscle pain sensitivity; most likely mediated by muscle C-fibers and Ad-fibers. 52 Pressure pain thresholds were measured using a digital algometer (FDX 50; Wagner Instruments, Greenwich, CT), as previously described in detail. 65 Briefly, a 1 cm 2 rubber tip was placed directly on the skin, and pressure was gradually increased by 1 kilogram force per square centimeter (kgf/cm 2 ). Pressure pain threshold was defined as the pressure at which the participant first indicated that the stimulus becomes painful. To avoid a potential response bias, the display of the algometer was not visible to participants, and no feedback was given regarding the PPT values. Both investigators involved in PPT testing were trained before the study and achieved a good inter-rater reliability (r tt 5 0.86) in a prestudy in N 5 10 healthy volunteers (data not included in this study). Pressure pain thresholds were assessed bilaterally for 4 body parts in a fixed order, that is, left/right lower back (5 cm from spinous process of L3), calf (one-third of total gastrocnemius muscle length below the popliteal space), insertion of the deltoid muscle, and trapezius muscle (central). To avoid unreliable PPT measurements, PPTs exceeding 20 kg/cm 2 were excluded from further analysis according to established procedures. 52 Each PPT measurement was repeated 4 times within the respective muscle group, and the mean PPT values of the second to fourth measurement were merged for both body sites to provide an overall PPT value for the respective muscle group, as suggested by a recent methodological algometry study. 40 
Interoceptive sensitivity (accuracy of heartbeat perception)
Given evidence suggesting a role of interoceptive sensitivity (or accuracy) in pain perception 49 and a lack of knowledge regarding possible effects of inflammation on this measure, we assessed interoceptive accuracy with an established heartbeat perception task (ie, mental tracking method 54 ). Interoceptive accuracy was always assessed first as it was the least invasive method and so as to avoid pain-induced interference with results of this measure. Participants were seated in a comfortable chair in a silent room, fitted with an electrocardiogram system (Task Force Monitor; CNSystems, Graz, Austria). After a short resting period, participants were asked to silently count their heartbeat by concentrating on their body sensations, without taking their pulse or other manipulations allowing to objectively detect their cardiac rhythm (according to Refs. 49 and 54). Notably, the display of the Task Force Monitor was not visible for participants, and no feedback was given on the accuracy of perceived heartbeat. Three consecutive sessions of varying length (ie, 25, 35, and 45 seconds) were conducted with the beginning and end of each session announced from outside the room. Participants were instructed to report the number of perceived heartbeats immediately after each session. According to Pollatos et al., 49 the accuracy of heartbeat perception was calculated as accuracy score 5 1/3 S (1 2 [| heartbeat recorded 2 heartbeat perceived |]/heartbeat recorded ), which can range between 0 and 1, with higher scores indicating higher perception accuracy. Scores were computed separately for the study conditions (LPS, placebo).
White blood cell counts
White blood cell counts were determined using an automated cell counter (Sysmex KX-21N, Norderstedt, Germany).
Cytokines, cortisol, and C-reactive protein
Plasma concentrations of tumor necrosis factor (TNF)-a and interleukin (IL)-6 were analyzed using commercial enzyme-linked immunosorbent assays (Quantikine IL-6 and high-sensitive TNF-a ELISA; R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. The sensitivity of the assays was 0.70 pg/mL for IL-6 and 0.11 pg/mL for TNF-a. Total plasma cortisol was analyzed with commercial enzyme-linked immunosorbent assay according to the manufacturer's instructions (Cortisol ELISA; IBL International, Hamburg, Germany; detection limit 0.138 nmol/L). C-reactive protein was assessed before and 24-hour postinjection of LPS and up to 1 week after study after completion of the study. C-reactive protein was analysed with a polyethylene glycol-enhanced immunoturbidimetric assay by the Division of Laboratory Research of the University Hospital Essen (Germany).
Questionnaires
State anxiety was assessed at baseline, and 1, 2, 3, 4, and 6 hours after injection using the state version of the State-TraitAnxiety-Inventory. 60 Higher sum scores indicate higher state anxiety. Retrospective assessment of side effects was accomplished 6 hours after application of LPS or placebo with an adapted version of a validated questionnaire (Generic Assessment of Side Effects, GASE 51 ). Briefly, subjects were asked to rate the severity of 30 different LPS-related side effects (eg, headache, nausea, sweating) from 0 (not present) to 3 (severe), or the same volume of saline (placebo) on 2 separate study days in a randomized order. Assessments of interoceptive sensitivity (accuracy of heartbeat perception), visceral thresholds (pressure-controlled rectal distensions), and musculoskeletal pain sensitivity (pressure pain thresholds) were conducted 2 to 3.5 hours after injection of LPS or placebo. Plasma samples for cytokine and cortisol analyses were collected at baseline as well as 1, 2, 3, 4, and 6 hours after injection, followed by assessment of state anxiety. and a sum score was calculated. Ratings of each symptom and the GASE sum score were compared between men and women.
Statistical analyses
All data were tested for normal distribution with KolmogorovSmirnov test, and nonnormally distributed data were log transformed to achieve normal distribution before analysis (ie, cytokine data). Sociodemographic and psychological data obtained from men and women were compared using independent samples t tests or x 2 tests. Ratings of single GASE items (indicating symptom severity of different LPS-related side effects) were compared with Bonferroni-corrected Mann-Whitney U tests. For all repeated measures, analyses of variance (ANOVAs) with the between-subject factor sex (men, women) and the repeated factors condition (ie, LPS, placebo) and time (ie, measurement points) were computed, with effect sizes reported as partial ƞ 2 (h 2 p ). If ANOVA revealed significant sex 3 time or sex 3 condition effects for repeated measures (ie, cytokine and cortisol levels, body temperature), independent samples t tests were computed to compare men and women within the LPS condition. Post hoc paired t tests were computed separately in men and women to compare conditions (ie, LPS vs placebo) at single measurement points in case of significant ANOVA condition or condition 3 time effects. Post hoc paired t tests (1-tailed) were also computed to additional explore LPS effects on pain measures separately in men and women. Correlation analyses were carried out by computing Spearman's r. The alpha level was set at 0.05. All data are presented as mean and standard error of the mean unless indicated otherwise.
Results
Sociodemographic and psychological characteristics
Forty healthy volunteers (20 men and 20 women on hormonal contraceptives) with a mean age of 27.6 6 0.5 years participated in this study. Men and women did not differ significantly in age, body mass index, education, or partnership status ( Table 1) . Hospital Anxiety and Depression Scale anxiety and depression scores as well as frequency and severity of gastrointestinal complaints during the preceding month were well within the normal range, without evidence of any sex differences ( Table 1) .
3.2. White blood cell counts, plasma cytokines, cortisol, body temperature, and C-reactive protein Endotoxin administration led to an acute and transient systemic immune activation as reflected by increases in white blood cell counts, pro-inflammatory cytokine levels, and body temperature. Specifically, number of circulating leukocytes (F 5 69.4, P , 0.001, h Fig. 2A-C) . Women showed more pronounced increases in TNF-a (F 5 6.4, P 5 0.016, h interaction effect). Body temperature also increased slightly in response to LPS, with a maximum of 37.5 6 0.1˚C in women and 37.3 6 0.1˚C in men 3 hours after injection (F 5 11.9, P , 0.001, h 2 p 5 0.64; condition 3 time interaction effect) without evidence of sex differences (Fig. 2E) . Twenty-four hours after injection of LPS, CRP concentrations were slightly higher in women (2.32 6 0.2 mg/dL) compared with men (1.86 6 0.1 mg/dL), but this difference failed to reach statistical significance (t 5 2.0, P 5 0.056). C-reactive protein concentrations were below detection level (ie, ,0.5 mg/dL) before and 7 days after completion of the study in all subjects.
Visceral pain sensitivity
Men and women did not differ in rectal sensory thresholds (t 5 Fig. 3A ). Additional exploratory analyses conducted separately within men and women confirmed that both men (t 5 23.2, P 5 0.002) and women (t 5 23.8, P , 0.001) showed significant decreases in pain rectal thresholds after LPS application. Rectal sensory thresholds did not differ between men and women and did not change in response to LPS administration (Fig. 3B) .
Musculoskeletal pain sensitivity
Across both study conditions, women displayed lower pain thresholds for the erector spinae (F 5 8.7, P 5 0.005, h Fig. 4) . In additional exploratory analyses, the effects of LPS on pain thresholds were assessed separately in men and women. In men, pain thresholds of all muscle groups were significantly decreased after LPS application (erector spinae muscle: t 5 22.0, P 5 0.029; gastrocnemius muscle: t 5 23.0, P 5 0.003; deltoid muscle: t 5 24.1, P , 0.001; trapezius muscle: t 5 23.8, P , 0.001). In women, significant LPS-induced decreases in pain thresholds were only observed for the deltoid muscle (t 5 22.3, P 5 0.016) and trapezius muscle (t 5 22.0, P 5 0.03) but not for the erector spinae muscle (t 5 21.5, P 5 0.07) and the gastrocnemius muscle (t 5 20.7, P 5 0.26).
Interoceptive sensitivity
Accuracy of heartbeat perception was significantly decreased in the LPS condition (F 5 8.3, P , 0.01, h 
State anxiety, side effects
State anxiety scores (State-Trait-Anxiety-Inventory) were significantly increased after LPS administration (F 5 10.2, P , 0.001, h 2 p 5 0.60, condition 3 time interaction effect), without evidence of sex differences or sex 3 condition interaction effects (Fig. 2F) . Retrospectively self-reported side effects of LPS were overall comparable for men and women (GASE sum scores for men: 9.2 6 2.0; for women: 11.3 6 2.1; t 5 0.7, P 5 0.43). Comparisons of single GASE items revealed that women reported significantly more severe symptoms of nausea compared with men (women: 1. whereas no significant differences were observed for the remaining symptoms after Bonferroni correction for multiple testing (data not shown).
Correlational analyses
Within the LPS condition, correlations between sensitivity measures (rectal and PPTs, interoceptive sensitivity), state anxiety, and peak plasma cytokine and cortisol concentrations were computed for the time point 2-hour postinjection. This time point was chosen given its proximity to the beginning of sensitivity testing in light of the well-established time course of cytokine responses to low-dose LPS. 4, 23, 24, 65 Within male but not female subjects, higher peak TNF-a concentrations correlated with increased pain sensitivity (ie, lower pain thresholds) for both modalities but reached statistical significance only for PPTs for all body regions ( Fig. 5; Table 2 ). No consistent correlative findings were observed for other parameters ( Table 2) .
Investigator 3 subject sex interaction effects
Given evidence that pain assessments may be affected by investigator 3 subject sex interaction effects, 1 half of our participants were assessed by a male investigator and vice versa. In a supplementary analysis, we addressed possible investigator 3 subject sex interactions using ANOVAs, which revealed no significant results (data not shown).
Discussion
The innate immune system is increasingly recognized in the mediation of acute and chronic pain, particularly with respect to TLR-4-dependent pathways. 19, [42] [43] [44] [45] 53, 61 Experimental administration of the bacterial endotoxin LPS offers a reliable model to study inflammation-induced pain sensitization. 2, 30, 55 However, with 1 recent exception, 32 virtually all existing knowledge about LPS-induced pain responses in humans is based on data from male volunteers, underscoring the need for studies comparing men and women. Therefore, in this randomized, double-blind, placebo-controlled crossover study, we assessed visceral and musculoskeletal pain sensitivity after low-dose LPS administration in healthy men and in women on hormonal contraceptives. Overall, our results revealed increased pain sensitivity, reflected by decreased pain thresholds, for both the visceral and the musculoskeletal pain modality during experimental endotoxemia in both sexes. Of note, we could not replicate our earlier finding of decreased visceral sensory thresholds after LPS application, 4 neither in this study nor in an independent sample of healthy males. 5 Thus, our earlier conclusion supporting LPS-induced visceral allodynia in addition to hyperalgesia 4 must be interpreted in caution in the light of our more recent larger data sets. Nevertheless, the results from this study confirm decreased visceral 4 and pressure pain 65 thresholds in response to low-dose LPS in healthy men and are in line with data from other groups, 13, 31, 32 including a recent report indicating reduced PPTs in response to 0.6 ng LPS in men and women. 32 Together, these findings support the broad applicability of experimental endotoxin administration as a translational preclinical model of inflammationinduced hyperalgesia 30 in both sexes. Given the female preponderance of chronic pain conditions such as IBS 26, 46 and musculoskeletal pain syndromes, 41, 43, 66 which are typically characterized by increased pain sensitivity, 15, 58 we hypothesized greater LPS-induced pain sensitization in women. Although women revealed increased musculoskeletal pain sensitivity per se, in line with existing evidence, 50 LPSinduced changes in pain thresholds were nearly similar in men and women for both pain modalities. Only in exploratory post hoc tests within each group was there evidence indicating that LPS affected fewer muscle groups in women. It remains to be clarified whether this was due to the low PPTs in women at baseline (ie, floor effect) or to the possibility that not all muscle groups are responsive to LPS effects in women. Nevertheless, the largely negative results for visceral and somatic pain thresholds are particularly striking given pronounced sex differences in cytokine and cortisol responses to LPS administration: Specifically, women revealed a more pronounced pro-inflammatory response Table 1 Sociodemographic and psychological characteristics for female and male participants. Frequency and severity of gastrointestinal complaints during the last month were assessed using a standardized in-house questionnaire (Lacourt et al. 39 ), with scores ranging from 0 (no complaints) to 30. All data are shown as mean 6 standard error of the mean unless otherwise indicated. * Assessed during placebo (control) condition. HADS, Hospital Anxiety and Depression Scale; PPT, pressure pain thresholds; P, P value for results of independent samples t tests or x 2 tests for dichotomous variables.
and a higher rise in plasma cortisol. These findings are congruent with the general observations that women display a greater number and activity of immune cells and a more pronounced activation of the innate immune system compared with men. 34, 35 Only a few studies have analyzed sex-related differences in immune responses to experimental endotoxemia. Although 1 report of greater TNF-a responses to comparably high-dose LPS (2 ng/kg) in women 62 was consistent with our results, other studies using varying endotoxin doses did not reveal sex differences in immune parameters. 9, 14, 16 Clearly, more experimental work is needed to clarify the putative role of sex in peripheral neuroendocrine and immune responses to Women showed significantly greater increases in plasma TNF-a, IL-6, and cortisol in responses to LPS application (*P , 0.05, **P , 0.01, ***P , 0.001, results of post hoc t tests comparing men and women within the LPS condition). For results of analysis of variance, see text. Only women using hormonal contraceptives were included in this study. experimental endotoxemia. Of note, because of safety reasons, we only assessed women on hormonal contraceptives. Because the use of hormonal contraceptives has been linked to (low-grade) pro-inflammatory states 48 and increased TNF-a production after in vitro stimulation of monocyte-derived macrophages with LPS, 7 our results may not be transferable to naturally cycling or postmenopausal women. Nevertheless, given the present focus on pain sensitivity, the question arises how to reconcile our findings of divergent peripheral cytokine and cortisol responses in women on hormonal contraceptives with the absence of sex differences in pain sensitization. After all, the proalgesic effects of immune mediators such as TNF-a or IL-6 are reasonably well established both in animals and humans. 19, 61, 64 First, it is conceivable that the association between peripheral cytokine responses and pain sensitization is nonlinear in women. Indeed, our correlational analyses revealed a linear association between TNF-a concentrations and PPTs only in men. Second, it is important to consider that pain sensitization during experimental endotoxemia likely involves central processes, 31 as previously shown by our group using functional magnetic resonance imaging in a cohort of men. 5 Indeed, peripheral proinflammatory mediators (eg, TNF-a, IL-6) can activate multiple peripheral and central pathways relevant to the processing of painful stimuli. 2, 19, 42, 64 First and foremost, cytokines and other inflammatory mediators released during states of inflammation sensitize vagal and spinal afferent neurons and hence increase afferent immune-to-brain processing. 19, 42, 44 In addition, peripheral cytokine release can trigger the production of inflammatory mediators and activation of glial cells within the brain through TLR-4-dependent pathways. 19, 44 Recent data from animal studies suggest that TLR-4 receptor sensitivity may be influenced by sex hormones, 44 and more intriguingly, effects of TLR-4 activation on pain sensitivity were only found in male but not in female mice. 59 Together, these data would suggest that pain sensitization during systemic inflammation might be driven by different processes in men and women, both likely involving central mechanisms. Interestingly, a recent study provided evidence of impaired conditioned pain modulation in women, which may indicate that pronounced cytokine responses to LPS may primarily affect central processes of endogenous pain inhibition in women. 32 Based on the experimental endotoxemia model, studies implementing brain imaging or immunomodulatory drugs are warranted to further disentangle sex-specific mechanisms of pain sensitization in the context of inflammation.
Given evidence supporting a positive association between cardiac interoceptive accuracy and somatic pain perception, 49 we also analyzed interoceptive accuracy with an established heartbeat perception task as a possible mediator of putative sex differences in inflammation-induced hyperalgesia. Although we did not find evidence of sex differences in interoceptive accuracy during endotoxemia, our data revealed significantly reduced interoceptive sensitivity in response to LPS. The observed reduction in cardiac interoceptive accuracy during endotoxemia was unexpected and counterintuitive if one assumes that sensitivity to ( . Associations between plasma tumor necrosis factor (TNF)-a and pressure pain thresholds in men and women: In men (left panel), pressure pain thresholds of the low back (A, erector spinae muscle), leg (C, gastrocnemius muscle), and shoulder region (E, deltoid muscle; G, trapezius muscle) showed significant negative associations with plasma levels of TNF-a (assessed 2 hours after injection of 0.4 ng/kg body weight lipopolysaccharide, LPS). In women (right panel), no significant correlations were observed for any muscle group (B, erector spinae muscle; D, gastrocnemius muscle; F, deltoid muscle; H, trapezius muscle). Only women using hormonal contraceptives were included in this study. (eg, hunger, thirst) might be less important. Indeed, it has been pointed out that sickness behavior induced by systemic inflammation is a protective motivational state, which "competes with other internally or externally driven motivational states and takes precedence unless competing motivational stimuli become more important for survival." 11 In conclusion, there does not appear to be a general improvement of interoceptive capability during endotoxemia in either sex.
Our results should be discussed in the light of several limitations: First, we chose 2 established and clinically relevant pain models rather than using more refined protocols such as the Quantitative Sensory Testing protocol. 52 This choice was made in light of the considerable time demands of more extensive testing and was based on our previous findings comparing the sensitivity of different somatic pain modalities to LPS 65 and our proof-ofconcept study in the visceral domain. 4 First and foremost, however, the temporal dynamics of the inflammatory and neuroendocrine responses to LPS pose limitations regarding the feasibility of more extensive testing protocols. This was also the primary reason for our decision not to counterbalance the order of sensitivity testing herein, although the fixed order does not control for possible carryover effects. Furthermore, we cannot exclude the possibility that sex differences in pain sensitization exist for other pain modalities and/or at other time points with respect to LPS administration. Another aspect is the fact that we only included women on hormonal contraceptives. As per our ethics committee, excluding any possibility of pregnancy was mandatory, and sample sizes did not allow for subgroup analyses addressing possible effects of different types of contraceptive medications. Finally, our findings are based on a model of acute and transient immune activation in healthy young adults. Clearly, in patients with chronic inflammatory or pain conditions, altered neuroendocrine-immune axes, for example, chronic activation and blunted feedback loops of the HPA axis and negative affectivity, 63 may contribute to symptom exacerbation. 12 Thus, more studies are needed to understand sex differences in the interaction between pain sensitivity and immune activation in acute and chronic pain. Table 2 Correlations of visceral and musculoskeletal pain thresholds with plasma cytokine and cortisol concentrations, state anxiety, and interoceptive sensitivity in men and women on hormonal contraceptives within the lipopolysaccharide condition. ). Correlations were computed using Spearman's r separately for healthy men (♂) and women on hormonal contraceptive (♀) within the LPS condition (ie, 2 h after intravenous injection of 0.4 ng/kg LPS). Significant correlations are printed in bold. LPS, lipopolysaccharide; p.i., postinjection.
